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Abstract 
Research has shown that the energy demand for manufacturing processes is frequently dominated by secondary consumers, especially since 
these are often neither controlled nor accounted for by corresponding primary processes. Secondary consumers are often continuously operating 
on high load, independent of the supported core processes’ operational state – e.g. downtimes. This perception has lead to a methodical 
approach, calculating an energetic performance indicator that can be actively influenced by both, manufacturing and technology planning as 
well as production planning. The case presented focuses a joining application wherein the detailed analysis on the shop floor lead to approaches 
on process chain level. 
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1. Introduction 
Energy efficiency optimization for manufacturing 
applications can target different, sometimes even conflictive 
goals: Reducing or levelling the energy demand at one 
production location can require very different actions than 
reducing a particular product’s manufacturing CO2-Footprint. 
For example, the relocation of single production tasks to other 
locations may improve the footprint of the original one, while 
the overall footprint of the product is getting worse due to less 
efficient processes available at the new location. Similar 
effects may arise e.g. caused by Make-or-Buy-Decisions. 
Depending on how the embodied energy of a product is 
calculated, all these decisions influencing the design of the 
production network can have a great impact, especially since 
the deviating energetic impacts of different locations in most 
cases are not caused by the main production process itself, but 
by auxiliary processes. 
From the examples given it is evident that energetic 
optimization has to be conducted considering process chains 
rather than single processes for systemic optimization. 
Targeting this requirement, our solution for the energetic 
optimization of process chains was developed on the level of 
process planning, as introduced in [1]. Thus, by focusing 
process chains of discrete manufacturing in industrial 
production, it is possible to consider both- a product view and 
a plant view at the same time. The challenge here, as for many 
other similar approaches as well, is still to find an efficient 
way to systematically map the energy flows within a given 
area over different levels and to identify the most important 
field of action for achieving an overall impact. It is essential 
to develop a specific, process-dependent normative energy 
indicator which can be applied for evaluations during process 
chain design, hence providing the base for decisions to foster 
energy efficient production. Additionally, the different energy 
carriers should be accounted for but for the energy efficiency 
consideration get transformed to an overall consistent
equivalent. 
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2. Information Gap 
Unfortunately, appropriate information about single 
processes that is necessary to evaluate different process chains 
seems not to be easily available today. Although there are 
different sources for this kind of information, but in fact the 
data that is available from literature, scientific papers and 
databases is not satisfactory and not comprehensive. 
However, several approaches can be found, where either 
single technologies are being assessed energetically [2]–[6]. 
Further, methodologies for profiling these technologies are 
being developed [4], [7], [8]. Hence, when focussing the 
optimization of joining process chains the collection of 
energetic data by measuring energy consumption of processes 
in labs and on the shop floor was inevitable. 
3. Energy Profiling  
3.1. Electrical energy at the main power supply 
In the following, the process of calculating the energy 
demand as a normative value is described, utilizing the 
process of a Gas-Metal-Arc Welding (GMAW) application as 
an example. This energy profile provides the data which is 
considered most suitable for the process chain evaluation. The 
acquisition of the process data was done for a particular work 
piece of a metro car in the Siemens AG’s railcar 
manufacturing plant at Vienna. 
 
 
Fig. 1. Load curve, showing the welding station’s demand of electrical energy 
over several hours. 
The main carrier of energy utilized as process energy was 
identified to be electrical energy. Therefore the demand of 
electrical energy of the particular manufacturing equipment 
was measured over a certain amount of time for the electrical 
main input. The time span the record was taken for contains a 
comprehensive process sequence of the particular equipment, 
see Fig. 1, and of the particular work piece manufactured, see 
Fig. 2. The equipment was an automated welding machine for 
joining. Straight continuous welding seams are being welded 
over relatively long distances by moving the welding 
equipment relatively to the clamped work pieces. 
Synchronously to the load recording, certain process events 
and machine states were logged in a timely manner. This is 
important, as the load measuring at the main power supply of 
the equipment, resembles the accumulated load of several 
different consumers of the equipment. By logging certain 
events it becomes possible to identify single consumers within 
the load curve and/or single events and major changes within 
the characteristics of the curve when analysing it afterwards. 
The single consumers accumulated within that main feed are: 
x welding power sources, 
x control system for the machine, including cooling unit (for 
control cabinet), 
x gantry including drives and frequency converters for 
moving the welding equipment relatively to the work 
pieces, 
x decentralized fume extraction system. 
 
Fig. 2. Load curve of a manufacturing sequence - a GMAW process – for one 
particular work piece. 
 
Fig. 3. Machine states and transitions between different states of 
manufacturing machines and equipments, aggregated from [9]–[11]. 
 
Fig. 4. Machines states mapped with the power levels and process times in the 
equipments electrical load curve. 
The state diagram, see Fig. 3, shows an overview over 
typical machine states and the transitions between those states 
which are most relevant from an energetic point of view. 
Together with a suitable event log these states can be matched 
with the recorded load curve. A mapping like depicted in 
Fig. 4 [Standby (1); Ready for operation (2); Welding ~ 
Operation #2 (3); Operation #1 ~ Set-up (4); Out of Service 
(5)] provides the average power demand of every state. 
Mapping the whole recorded period of time, like depicted 
within Fig. 1, provides the time every state is being utilized.  
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3.2. Further carriers and sources of energy 
In addition to the electrical data that was recorded and is 
reflected by the actual load curve, there are additional 
consumers that are not considered within the main feed. These 
were are added within Fig. 4 in parallel to the recorder load 
curve, without actual energy equivalent but in a timely 
manner: 
x Shielding gas (6) 
x Clamping units (hydraulics, powered electrically) (7) 
x Technical building services (TBS) containing lighting, 
buildings heating, ventilation and air conditioning 
(HVAC), pneumatic system, etc. (8) 
 
These three categories do constitute additional support 
systems, which are additional consumers of energy.  
Acquireing consumption data for these additional carriers 
shows a common problem in collecting energy consumption 
data. It is virtually impossible to measure all relevant 
consumers individually in synchronization with the main 
production process. Reason for this is the actual 
representation of the infrastructure of factories, which often 
shows complex structures. Getting access to the different 
levels of the energy distribution system on a consumer-wise 
separation is merely impossible. For other energy carriers 
such as streaming media like process gases, proper measuring 
equipment only can be implemented by interrupting the 
continuous provision by cutting the tubing system. Thus 
installing appropriate measuring equipment is not possible 
without interrupting the production process and is therefore 
not an option.  
3.3. Dynamic and static energy demands 
The difficulties that arose when trying to measure these 
additional energy shares lead to the perception, that it is not 
necessary to actually measure all consumers around a 
manufacturing process in parallel or even synchronously with 
the process.  
By distinguishing dynamic and static or quasi-static 
consumers, the need for a synchronous measuring of all 
consumers can be circumvent. This means that it can be very 
helpful to classify consumers into the class of highly dynamic 
and process dependent consumers that should be measured in 
real time and synchronously. Static or quasi-static running 
consumers can be considered as non-interacting and therefore 
do not have to be measured synchronously. One example for 
the latter is shielding gas. Its demand as well as its regulation 
is quite constant and can be determined independently from 
the actual process parameters. The process times are enough 
to consider it in an energy demand calculation afterwards. 
That is the reason for adding it without actual amount and in a 
timely manner only to the load curve in Fig. 4. TBS can also 
be understood as being independent from the welding process 
itself. Single components of the TBS might be dependent to 
machine operations, but usually they are not directly coupled. 
A ventilation system for the building is either totally 
independent, or coupled to the process through the air quality 
by sensors measuring the air’s turbidity. This would mean that 
the coupling is indirect or that it is temporally decoupled.  
3.4. Energetic consideration of non electric energies 
Gases that are required to support the welding process have 
to be considered as energy that is added to the process. The 
energy equivalent of the particular gas or gas mixture is 
calculated based on figures for the amount of primary energy 
required for providing the particular gas. These figures are 
taken of a commercial LCA-Database (e.g. “GaBi6” by PE 
International or “Ecoinvent v.3” by Swiss Centre for Life 
Cycle Inventories). The database lists an energy demand per 
mass (e.g. MJ/kg) of gas. For gas mixtures, which are not all 
listed in the LCA-database, the energy demand can be 
calculated considering the molar mass of the particular gas 
shares and the mixtures definition according to its producers 
respectively dealers specifications. The gas demand is 
specified in welding procedure specifications in volume per 
time (e.g. l/h) and can be considered as quasi static for the 
welding process. The demand of gas defined in volume per 
time and the associated energy equivalent in energy per mass 
can be converted to a power demand. Like the power profile 
respectively load curve that is depicted in Fig. 4, the gas 
demand can be used in a similar way for the calculation of the 
total energy demand. The same approach to calculate power 
demand of gases is used for other additional forms of energies 
as well. Even filler material – in the form of an additional 
wire that is feed to the joining, can be considered in a similar 
way, taking data from commercially available LCA-
databases, see [12]. 
3.5. The processes’ energy profile 
A detailed analysis of the different levels of energy 
demand as well as a consideration of different forms of 
energy going into the weld is being calculated within a 
spreadsheet. Therefore the same definition of machine states 
is used for the different phases of the welding process that 
was measured and is displayed in Fig. 3. For the equipments 
load curve the overall process for processing one particular 
work piece is analysed in the way like it is was displayed in 
Fig. 4. From the annotated load curve the time per state as 
well as the arithmetic average of the power demand of the 
equipment itself is derived and listed. All additional energies 
are considered accordingly for the corresponding states after 
transforming them into an electrical equivalent and 
eliminating the time dependency. The time dependency is 
factored in by the retention times in each state. Now every 
relevant machine state can be considered together with all 
corresponding additional energy consuming functions for a 
comprehensive manufacturing process including setup times, 
loading and unloading times as well as maintenance 
operations and even breaks and unforeseeable downtimes. 
All these shares together are actually causing the amount 
of energy required for processing a certain work piece, or 
after aggregating even a certain product. 
Dividing this amount of energy through a process specific 
target parameter, which for this kind of welding operation is 
the length of weld that is produced, results in the specific, 
process-dependent normative energy indicator [kW/m]. 
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4. Summary 
As an indicator for the evaluation and thus for designing 
energy efficient process chains, the specific energy demand 
per welded length was defined as the accumulated energy 
over all considered process states and the whole production 
sequence, divided by the total length of weld created in that 
time. As a matter of fact this energy demand per length is the 
result of a calculation considering a large number of 
parameters. Furthermore these parameters have their origin in 
very different fields within a manufacturing process. This 
context needs to be considered when using the value for 
differing applications. 
The main factors influencing the energy demand reflected 
within the indicator value are within the fields of 
x a particular process technology  
x particular process parameters for the observed work piece 
x auxiliary systems implemented in the observed 
manufacturing equipment 
x amount of non-productive time and associated energy 
demand on the equipment (so-called secondary and tertiary 
processes) 
x organizational influence on the share of non-productive 
times on the equipment 
x organizational influence through the load of the equipment 
 
The result is a specific process-dependent normative 
energy indicator that is, on one hand, strongly dependent from 
a lot of parameters, but on the other hand is much more 
realistic than values considering the technological parameters 
of the core technology only, without considering the 
production environment, organisational influences and even 
the implementation of the technology within applicable 
equipment. 
Considering non-productive times and secondary 
consumers – as well as the combination of both – makes a 
significant difference on the energy demand of the operational 
manufacturing process compared to the energy demand that 
can be derived in a theoretical calculation manner from 
product design data combined with production planning and 
process engineering information. 
5. Conclusion 
This structured approach for calculating the energy 
demand of manufacturing processes much more realistic and 
comprehensively, with considering actual shop floor setups 
lead to the perception, that indirect consumers as well as so-
called non-productive times play a very important role for the 
energy demand of manufacturing processes on the shop floor. 
Additionally, for the selection of processes and design of 
process chains this means, that properties of the 
manufacturing processes need to be considered that were not 
in focus so far.  
Considering this methodology for energy profiling of 
processes as a deep dive into energy flows on the shop floor, 
the aim is still to evaluate process chains for optimizing and 
reducing the energy demand of manufacturing. 
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